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We have developed a selection system for hybrids by protoplast fusion using dominant selective
drug resistance markers, Tn60/(903) against geneticin and AURI-C against aureobasidin A, and
reporter genes, ADHIp-PHO5-ADHIt and CLN2p-CYCl-lacZ, in Saccharomyces cerevisiae. To
examine the effectiveness of this system, plasmids with each marker and reporter gene were intro-
duced into auxotrophic sake yeasts. From the resulting transformants, eight colonies were
screened by protoplast fusion in combination with the drug resistance markers and the reporter
genes. Among them, seven strains were judged as hybrids between parental strains by analysis of
growth on a minimal medium. This selection system was applied to wine yeasts having no genetic
markers. Six strains were regarded as hybrids between parental strains by polymerase chain re-
action/restriction fragment length polymorphism (PCR/RFLP) analysis of the MET2 gene and by
karyotype analysis using a contour-clamped homogeneous electric field (CHEF). We propose that
the plotoplast fusion using dominant selective geneticin- and aureobasidin A-resistance markers
and reporter genes is useful for the selection of hybrids from wine yeasts, which are homothallic

and have low sporulation ability.
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The improvement of industrial strains (Saccharomyces
cerevisiac) by crossing has been difficult because most of
them neither mate nor sporulate. We have developed a
method for the direct selection of mating-competent clones
from sake yeasts (1) and a mass mating method in combi-
nation with resistance markers for the sclection of hybrids
from homothallic yeasts (2). However, these methods are
virtually impracticable for most winc and bottom fermenta-
tion beer yeasts that are homothallic and have low sporu-
lation ability. For these strains, breeding via hybridization
may be practicable by protoplast (usion. The fusion prod-
ucts were selected mainly by the complementation ol auxo-
trophic strains. This approach is not applied to industrial
strains because they are prototrophic. Protoplast fusion has
been used in combination with respiratory deficiency and
nutritional requirement as selective markers to breed killer
wine yeasts (3} or beer yeasts that have high productivity of
esters, high tolerance (o ethanol and high osmotolerance (4).
Homothallic wine yeasts were also constructed by this
method using inherent dominant selective drug resistance
markers such as chloramphenicol (5) or geneticin {G418)
(6) resistance. A biochemical inhibitor, N-ethylmaleimide,
was used to inactivate protoplasts from yeast cells without
genetic markers in protoplast fusion and inactivated proto-
plasts were fused with untreated protoplasts having genctic
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markers to obtain hybrids (7). However, if the strains to be
hybridized have no nutritional requirement and inherent se-
lective markers, such selective markers must be conferred
on them prior to the hybridization process because it is al-
most impossible to select hybrids without using such mark-
ers.

Dominant selective markers are obviously useful for sc-
lecting hybrids when the protoplast fusion method is em-
ployed because the Tn60/(903) and AURI-C genes of S
cerevisiae are useful dominant selective markers for sclect-
ing hybrids by a mass mating method when they are ligated
into a single copy vector in combination with geneticin and
aureobasidin A (2). In this study, for the sclection of hybrids
by protoplast fusion, plasmids that contained the drug resis-
tance gene, Tn60/{903) or AURI-C, and the reporter gene,
CLN2p-CYCI-lacZ or ADHIp-PHO5-ADHIt, were con-
structed. Hybrids between transformants with each plasmid
acquire resistance to both drugs, and their colonies exhibit a
blue color on a plate for the detection of B-galactosidasc ac-
tivity and a red color on a plate when stained for acid phos-
phatase activity, We demonstrate the effectiveness of proto-
plast fusion in combination with drug resistance markers
and reporter genes for sclecting hybrids from wine yeasts as
this method does not require auxotrophic or respiratory-de-
fective strains.
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MATERIALS AND METHODS

Yeast strains and plasmids  The S, cerevisicge sake ycasts,
K7-1 and K9-T (8), and wine yeasts, EC-1118 and LICDS30 (9),
were used in this study. K7-U and K9-T are uracil (ura3/fura3d) and
tryplophan (trpl/irpl) auxotrophic mutants, respectively. Plasmid
pIB302 was constructed by blunt-ending the BamHI and Hapl
ends in pSH39 (10) and connecting with Xhol and Xbal linkers,
respectively. Plasmid pIB304 (Fig. 1) was constructed by inserting
a 1.5-kbp Xhol-Xba! fragment containing the PIIOS gene from
pIB302 into the Xhol-Xbhal gap of pAURI23 (GenBank accession
no. ABO12284; Takara Shuvo, Kyolo). Plasmid 340 (Fig. 1) was
constructed by inserting a 2.5-kbp Sail-Xbal Tragment having a
G418 resistance gene from plasmid pKO6 (2) into the Sall-Xbul
gap of plasmid pAS*728 (11).

Protoplast formation and fusion  The method described by
IHurashima ef af. (12) was used with slight moditication. Cells of
the fusion partners with plasmids were grown in Sml of YPAD
medium (13) with 0.2 mg/ml G418 or 0.2 pg/ml AbA at 30°C over-
night. Culture solutions (200 or 400 pl) were inoculated into 10 ml
of YPAD medium and cultivated for 4.5 to 5 h at 30°C. Cells were
collected by centritugation and pretreated with 1 ml of 0.1 M so-
dium citrate buffer (pH 5.8) containing 1.2 M sorbitol, 0.01 M EDTA
(SSE bulfer), and 0.5% 2-mercaptoethanol for 30 min at 30°C,
Cells were washed with SSE buffer and suspended in 4 ml of the
same SSE buffer containing 0.4 mg of Zymolyase 1007 (Seikagaku,
Tokyo). The cell suspension was incubated for | h at 30°C. Proto-
plasts were washed with two 2-ml portions of 1.2 M sorbitol solu-
tion containing 10 mM CaCl, and resuspended by the addition of
(1.2 ml of the same solution to the cell pellet afler centrifugation at
550x g for Smin. Each 0.1 m! of the protoplast suspension from
two different strains was mixed and then 2 ml of 20% polyethylene
glycol 4000 (Wako Pure Chemical Industries, Osaka) solution in
13 mM Tris hydrochloride buffer (pH 7.5) containing 10 mM Ca(’l,
was added. The reaction mixture was incubated at 25°C for 30 min
and protoplasts were harvested, resuspended in (.2 ml of YPAD
medium supplemented with 1.2 M sorbilol, and incubated at 30°C
for 1 h. Then, 8ml of YPM medium (1% yeast extract, 2% pep-
tone, 2% maltose) containing 1.2 M sorbitol and 3% agar (Difco
I.aboratorics, Detroit, M1, USA) at 46°C was pourcd inte the proto-
plast suspension and mixed gently, The above mixture was poured
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onto the surface of an agar plate of YPDM medium (1% yeast ex-
tract, 2% peplone, 1% dextrose, 1% maltose, 2% agar) containing
1.2 M sorbitol, 0.5 mg/ml G418 and 0.3 pg/ml AbA for sake yeasts
or 0.3 mg/ml G418 and 0.7 pg/ml AbA for wine yeasts. The plate
was incubated at 30°C for 3 to 6d. Colonies were grown on
YPDM medium used tor the selection of hybrids without sorbitol
and then transferred to $1Y medium (13) for sake yeasts.

Genetic and biochemical methods S cerevisiae and Esch-
erichia colf cells were transformed as described by o ez al. (14)
and Sambrook and Russell (15). The acidic phosphatase (APase;
FC 3.1.3.2) activity of S. cerevisiae colonies was detected by stain-
ing based on a diazo-coupling reaction (16) on a YPD plate (13)
containing 0.3 pg/ml AbA for sake yeasts, in which the P//0O3 and
PHOS genes are defective. For wine yeasts, a YPD plate that con-
tained AbA and 2 mM thiamin was used because thiamin represses
the expression of the PHO3 gene (17, 18). The B-galactosidase
(EC 3.2.1.23) activity of S cerevisiae colonies was detecled by a
5-bromo-4-chloro-3-indolyl-nD-galactoside (X-Gal) indicator plate
(13) containing 0.5 mg/ml G418,

Separation of chromosomal DNA by pulse-field gel electro-
phoresis  The methods used for the preparation and manipula-
tion of chromosomal DNAs were described by Sheehan and Weiss
{19). Chromosomal DNA was separated by a contour-clamped
homogeneous electric field (CIHIET) DR-IT {(Bio-Rad, Hercules,
CA, USA)Y in 0.5x Tris—borate—EDTA {TBE) buffer, 6 Viem at
14°C, the pulse time being changed linearly from 24 to 73 s within
28h.

Polymerase chain reaction/restriction fragment length poly-
morphism (PCR/RFLP) analysis  The PCR-RFLP method of
the MET2 region was described by Mansneut ef «f. (20). Amplifi-
cation reactions were performed with a PTC-200 Peliter Thermal
Cycler (MJ Research, Watertown, MA, USA) under the {ollowing
conditions: a 50 pi reaction mixture was prepared with 2.5 units of’
Takara Ex (Takara) Taqg DNA polymerase, 5pul of 10xEx Tag
buffer (Mg?', 20 mM}, 30 pmol of each primer, 2.5 mM of each
dNTP and 0.5 pg of a template DNA obtained by a 10-min DNA
preparation (13). The sequences of primers QL1147 and OLL148
are S-AATCGAAAACGCOTCCAAGAG-3 and 5'-TGCACCAGG
CAGAATGTCTIT-3, respeclively. The PCR conditions were modi-
ficd as follows: a preliminary step of' 1 min at 94°C; 35 cycles of
205 at 94°C, 305 at 55°C, and | min (increasing 1 s per cycle) at

C!

plB340
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FIG. [ Structures of plasmid pIB304 having the AUR/-C gene and ADHIp-PHO3-ADH I reporter gene, and plasmid pIB340 harboring the
G4 1 8-resistance gene and CLN2p-CYCf-lueZ reporter gene. Open boxes indicate DNA fragments ol S, cerevisive. Closed boxes represent DNA

fragments ol Excherichia coli. Thin lines indicate DNA lragments originating (rom the plasmid pBLUBSCRIPT (Stratagene, La Jolla, CA, USA).
ADHp and ADIH I represent, respectively, the promoter and terminator of the A gene of S, cerevisive, CLN2p represents the promoter of the
CLN2 gene of S, cerevisiae, GAPp and GAPt represent, respectively, the promoter and terminator of the GAP gene of S, cerevisiae. G418" repre-
sents the geneticin resistance gene. B, Buml 11; H, HindlIL; K. Kpnl, S, Sall, Sm, Smal; X, Xbal, Xb, Xhol.
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Transformation with
the AURI-C gene
and the ADH [p-
PHOS-ADI It
reporter gene

Cell fusion

Selection scheme of colonics resistant to both
aurcobasidin A and G418, and with the expression

of both reporter genes

F1G. 2. Selection of hybrids obtained by protoplast [usion using the drug resistance genes and reporter genes. Strains were transformed with
the plasmid having G418 and CLN2p-CYCi-lacZ or AURI-C and ADI ] p-PHOS5-ADH {1, The resultant transformants were hybridized by proto-
plast fusion. Viable colonies were then tested for their ability to grow on plates containing G418 and aureobasidin A, and the expression of reporter
genes. When colonies were resistant to both of these drugs and expressed both reporter genes, they were judged as hybrids between parental
strains, Small ¢ircles indicate plasmid pIB304 (thick lined circles) or ptB340 (thin lined circles).

72°C; and a final extension step of 10min at 72°C. Aliquots of

PCR products were digested, Amplified fragments and restriction
fragments were analyzed by electrophoresis on a 1.8% agarose gel
in (.5 TBE buffer. PCR markers (Novagen, Darmstadt, Germany)
were used as DNA molecutar markers.

Relative DNA content  The relative DNA content was ana-
lyzed using a flow cytometer (Becton Dickinson, Sparks, MD,
USA). Yeast cells were grown to the logarithmic phase in YPD
medium. The cells which were lixed in 70% (v/v) ethanol for 30
min at room temperature were washed with 50 mM Na citrate (pH
7.4) and then treated with 0.25 mg/ml RNase in 50 mM Na citratc
(pH 7.4) for 1 h at 50°C and with 100 pg/pl Proteasc K in 50%
glycerol for | h at 50°C. They were stained with 8 pg/ul propidium
iodide (P1) in 50 mM Na citrate {pti 7.4) overnight at 4°C.

Biochemical methods  The methods used lor the preparation
and manipulation of DNAs were as described by Sambrook and
Russell (15). Southern hybridization was performed by the Gene
image 3'-oligolabelling and CDP-star detection system (Amersham,
Piscataway, NJ, USA).

RESULTS AND DISCUSSION

Fusion of protoplasts with dominant selective markers
and reporter genes  We devised a method, as illustrated
in Fig. 2, for selecting hybrids from yeast cells. It is con-
sidered a problem that protoplast cells are more sensitive to
drugs than vegetative ones. Two solutions were adopted.
First, drugs were added into an agar plate of a regeneration
medium because in fungal transformation using protoplast
cells, benomyl, which is used for the selection of transfor-
mants, is added into a regeneration agar plate (21). Second,
the combination of carbon sources was examined. The cilect
of drugs on S. cerevisiae cells is variable depending on the
carbon source in the medium (22). When only glucose was

used as the carbon source in the medium, the sensitivity of

protoplast cells to drugs was very low, and when only mal-
tose was used, the sensitivity was very high (data not
shown), From this observation, YPM was used as the me-

dium mixed with protoplast cells and YPDM as the regener-
ation medium with drugs.

Using the auxotrophic sake yeasts K7-U (wra3/ura3) and
K9-T (trptitrpl), we lested whether this method is useful
for the selection of hybrids obtained by protoplast fusion.
K7-U and K9-T were transformed with plasmids plB340
and pIB304, respectively. Among the resulting transformants,
colonies of K7-U with plasmid pIB340 carrying G418" and
the CLN2p-CYCl-lacZ reporter gene exhibited a blue color
on X-Gal indicator plates having G418, and those of K9-T
with plasmid pIB304 harboring the AUR/-C gene and
ADHIp-PHOS5-ADH It reporter gene exhibited a red color
when stained for APase activity on a YPD plate containing
AbA. These results indicate that drug resistance genes and
reporter genes in both plasmids function normally. Proto-
plasts from the resulting transformants were fused as de-
scribed in Materials and Methods. Eight colonies were found
on a sclection medium.

Evaluation of fusion products To confirm whether
the fusion products retain both plasmids, they were grown
on a selection medium without sorbito! and examined for
the expression of ADH[p-PHO5-ADH It and CLN2p-CYC!-
lacZ reporter genes by the plate analyses. All colonies grew
on the medium and exhibited a blue color on X-Gal indica-
tor plates containing G418 and a red color when stained for
APase activity on a YPD plaie having AbA indicating that
all of them had both plasmids plB304 and plB340. If the
colonics are hybrids between K7-U and K9-T, they would
grow on SD medium because each auxotrophy was comple-
mented. In order to cure both plasmids from fusion prod-
ucts, they were cultivated in YPAD medium overnight at
30°C and tested for growth on 8D medium after observing
that the colonies did not grow on a YPAD plate containing
G418 or AbA. Seven fusion products were judged to be hy-
brids between K7-U and K9-T because they grew on SD
medium, The remaining one, which did not grow on SD
medium, grew on a ura plate bul not on a trp” plate. How-



356 NAKAZAWA AND IWANO

J. BIOSCI. BIOENG.,

Expected
patterns

(bp)
2000
1500

1000
750

500
300

150
50

RI  Ps

bp) M 1 2 3 4 5 6

FIG. 3. PCR/RFLP of the MET2 gene. (a) Analysis of parental strains. Samples from EC-1118 (E) and UCD530 (U) were digested by EcoRI
(RI) or Pstl (Ps). (b) Analysis of fusion products. Samples from fusion products were digested by RI or Ps. The numerals 1 to 7 show strain num-
bers. Lane M, PCR markers (Novagen, Darmstadt, Germany) were run in parallel as size markers.

ever, it may have a part of the relevant chromosomes from
parental strains. Four hybrids were subcultured 20 times to
test whether they were stable as fusion products and then
they were examined for auxotrophy. They showed the URA
and TRP' phenotype, indicating that these hybrids are sta-
ble.

Selection of hybrids from wine yeasts  These obser-
vations suggest that drug resistance genes and reporter genes
are useful for the selection of hybrids by protoplast fusion
of industrial yeasts. Using this method, we tried to obtain
hybrids by protoplast fusion in wine yeasts. EC-1118 and
UCDS530 were transformed with plasmids pIB304 and
pIB340, respectively. Protoplasts from resultant transfor-
mants were fused. Ten colonies were found on a selection
medium. To confirm whether fusion products retain both
plasmids, they were grown on a selection medium without
sorbitol and examined for the expression of the ADHIp-
PHOS5-ADHIt and CLN2p-CYCl-lacZ reporter genes by
plate analyses. Seven colonies grew on the medium and the
expression of both reporter genes was observed.

It has been reported that in wine yeasts, PCR/RFLP anal-
ysis of the MET2 gene is a reliable and fast technique for
distinguishing S. cerevisiae and S. bayanus (20). They are
classified from restriction patterns of the MET?2 fragment by
digestion with Psfl and EcoRI. There is a Pstl site in the
MET?2 sequence of S. bayanus and there is none in that of
S. cerevisiae while the reverse is true for EcoRI. Both pa-
rental strains and seven fusion products were analyzed by
PCR/RFLP of the MET2 gene (Fig. 3). An EcoRlI restriction

pattern of the two main bands was obtained for EC-1118,
but only one band for UCD530 (Fig. 3a). On the other hand,
a Pst1 restriction pattern of the two main bands was obtained
for UCD530, but only one band for EC-1118 (Fig. 3a). On
an EcoRI restriction pattern in EC-1118 and a PsI restric-
tion pattern in UCDS530, most slowly migrating bands were
caused by incomplete digestion. The restriction pattern of
EC-1118 is identical to that of S. cerevisiae. UCD530 has
the same restriction pattern as that of S. bayanus. This find-
ing is in agreement with the observation that UCD530 is de-
fined as S. hayanus by AFLP analysis (9). It is expected that
a hybrid would have a restriction pattern of three bands
upon digestion with both EcoRI and PsfA (Fig. 3a). All
strains had a restriction pattern of three bands except for
strain no. 4 (Fig. 3b). These results suggest that they are hy-
brids between both parental strains except for strain no. 4,
although the three bands obtained by EcoRI restriction and
one band obtained by Ps#I restriction in strain no. 4 may be
caused by mitotic recombination after cell fusion.

The relative DNA content was determined using a flow
cytometer (Table 1). The relative DNA content of the fusion
products except for strain no.4 was more than that of the
parental strains. The relative DNA content of strain no. 4
was the same as that of the parental strains. These results in-
dicate that in the fusion products, except for no. 4, the chro-
mosomes from parental strains were completely or partially
combined. The chromosomal patterns of parental strains and
the fusion products obtained were analyzed by CHEF as
described in the Materials and Methods. The results are
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TABLE 1. Relative DNA content of parental strains and
fusion products in wine yeasts
Strai Relativer Strairrlr Rclralive'
i DNA content ; DNA content
EC-1118 100 No. 4 100
UCD530 100 No. 5 175
No. 1 188 No. 6 156
No. 2 194 No. 7 181
No. 3 200
Fusion products
MEU 1 2 34567
(kbp) |
830
800
760
690
610
590

FIG. 4. Electrophoretic karyotypes of parental strains and fusion
products. Chromosomal DNAs from EC-1118 (E), UCD530 (U) and
fusion products (lanes 1 to 7) were separated by CHEF. Lane M, Chro-
mosomal DNA of YPH149 (23) was run in parallel as size markers.

shown in Fig. 4. The parental strains yielded different pat-
terns (Fig. 4, lanes E and U). While strain no. 4 displayed
the same patterns as EC-1118 (Fig. 4, lanes E and 4), in
other fusion products a combination of parental bands was
observed at 690 kbp (Fig. 4, lanes E to 3 and 5 to 7). Taken
together, these results indicated that the fusion products,
except for strain no. 4, are hybrids between EC-1118 and
UCDS530.

At present, Japanese government regulations do not per-
mit the use of strains having recombinant DNA molecules
for industrial production. Therefore, the two plasmids used
must be cured from hybrids: each of the two hybrid strains
was cultivated in liquid YPAD medium at 30°C for 2d,
plated onto YPD plates and incubated at 30°C for 2 to 3 d.
Colonies were screened for those which did not grow on
YPDM medium containing 0.7 pg/ml of aureobasidin A or
0.3 mg/ml of G418 by the replica plating method. To con-
firm whether these clones lost their plasmids, DNAs from
the clones were prepared and subjected to Southern blot
hybridization. The hybridization patterns in the gel showed
that strains resistant to both drugs maintained plasmids but
sensitive strains did not (Fig. 5). Thus, plasmids used as se-
lection markers are easily eliminated from hybrids. We con-
clude from all the observations described in this study that
this system is useful for the selection of wine yeasts that are
homothallic and unable to sporulate.
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FIG. 5. Southern hybridization analysis for hybrids of wine yeasts
resistant or sensitive to drugs. In hybrids no. 1 (lanes R1 and S1) and
no. 2 (lanes R2 and S2), DNA was prepared from the cells of resistant
(R) and sensitive (S) strains to both G418 and AbA. Plasmids pIB304
and pIB340 were used as controls. A fluorescein-labelled pUC19 di-
gested with HindIIl was used as the probe.
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